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I n v e s t i g a t o r :  
Locat ion:  
Date begun: 
Per sonne 1 : 
Background ana1.ysi.s and coord ina t ion  
Thomas C .  Atchi.son, Program Manager 
Twin Cl.ties M i n h g  Research Center 
Mi-mneapolls Minnesota 
A p r i l  1965 To 'be completed: Continuing 
Thomas C.  Atchison, Supervisory R.esearch P h y s i c i s t  
Other Bureau personnelJ  a s  assigned 
PROGRESS REPORT 
The ob jec t ive  of t he  program I . s  t o  h e l p  provide bas i c  s c i e n t i f i c  and 
engineer ing  knowledge needed t o  use  e x t r a t e r r e s t r i a l  mineral. r e s 0 u r c . e ~  
i n  support  of f u t u r e  spac.e missi.ons. Under t h i s  component, background 
and support ing s t u d i e s  and coord ina t ing  and l i a i s o n  a c t i v i t i e s  f o r  t he  
program a r e  c a r r i e d  out .  
'Progress w r i n g  the  F i r s t  Quarter 
The i n i t i a l  phase of the Bureau's program beginning wi th  f i . s ca l  year  
1965 cons is ted  of a per iod of background s tudy and t a s k  d e f i n i t i o n  
c a r r i e d  ou t  by a s m a l l .  i n t e r d i s c i p l i n a r y  core  group a t  t h e  Twin C i t i e s  
Mining Research Center.  The second phase, l a r g e l y  comp1ete.d by the  end 
of f i s c a l  year 1969, comprised s i x t e e n  cl.ose1.y r e l a t e d  r e sea rch  t a s k s  
conducted a t  seven Bureau r e sea rch  centers.. Resu l t s  of t h e s e  t a s k s  were 
presented i n  the  annual s t a t u s  r e p o r t s  f o r  f i s c a l  years  1.967, 1968, and 
1969 and published i n  Bureau and NASA r e p o r t s  and s c i e n t i f i c  j ou rna l s .  
Reports  r e l a t e d  t o  completed t a s k s  t h a t  have not  y e t  been pu'bl.ished a r e  
l i s t e d  below. The p re sen t  phase of t he  programg beginning with the  cur- 
r e n t  f i s c a l .  year and planned f o r  a du ra t ion  of 2 yea r s ,  is composed of 
seven r e sea rch  t a sks  a t  four  Bureau cen te r s .  These t a s k s  r ep resen t  an 
ex tens ion  and refinement of some of the  previous research  t a sks  wi th  ma- 
j o r  emphasis on the  more 'basic s t u d i e s  o f  material .  p r o p e r t i e s  and behav- 
i o r  i n  simulated lunar  environment 
During t h e  p a s t  q u a r t e r ,  information from pre l iminary  examinat.Fon of the 
re turned  lunar  samples a t  the  Houston labora tory  was obta ined ,  s tudi .ed,  
and d i s t r i b u t e d  t o  t h e  t a s k  i n v e s t i g a t o r s .  A s e t  of b lack  and white  
photographs and co lor  t r anspa renc ie s  from the  Apollo 11 mission was ob- 
ta ined  from NASA f o r  examinati.on. The s e t  included a1.L the  pi .ct .nres o f  
the luna r  sur face  taken f rom o r b i t  and during the  %anding. New arrange-  
ments were made wi th  NASA's  pulrll.ca&i.ons information 0f f ic .e  f o r  obtai.ning 
more s p e c i f i c  coverage of ou t  i n t e r e s t  a r eas  i n  t h e i r  r e p o r t  distrFbuti.ors 
and b ib l iog raph tc  se rv i ces  
1. 
T. G. A k ~ . h i s ~ n  a t tended  a meet:ing of the Planning Committee of the Work- 
ing Group on Extrat.e:cres WFal Resources a t  NASA Headquart.ers In  Washing- 
ton,  D.  C .  in Se,pdembe,r. The, next: annual meeting of the Working Group 
w i l l .  be  he ld  in ,the f a l l .  0.E 19'70 a t  .the Manned Spacecraf. t  Center i n  
Houston, Teex. and wP.:ll. hi.gl.l.I.ght the  p o s s i b i l i t i e s  and pro'bI.ems of utF1.- 
izFng luna r  permafrost:.  
e s s ing  is pl.anwed in mfd-Jat-mary a t  Minneapolis a 
A meeting of .the Subgroup on Mining and Proc- 
Sta&s of Manuscxipts 
S t rengths  o f  Su.lfur-BasaLt Concretes by L. J. Crow and R.  C. Bates w a s  
submitted f o r  pubIfc,a-t:%on as a Bureau of Mines Report  of Inves t iga t ions  
Carbothermal Reduction of Liquid S i l i c e o u s  Minerals  i n  Vacuum 'by S o  E o  
Khalafal1.a and I,, A .  Haas was submitted t o  the Journal. of High Tempera- 
t u r e  Science. 
Mineral  Decomposi.tion l.n High Vacuum by R. L. Carpentxr was prepared 
f o r  p r e s e n t a t i o n  at the Pac.ifl.c Coast Reg:I.onaL Meeting o f  .the Amert.c.an 
Ceramic SocI.ety aE: Seat t i le ,  Wash., 0c.tober 1.5-1.7, 1.969, and i s  being 
expanded f o r  pu'bl.bc:at.ion a s  a Bureau of Mines Report. of I n v e s t i g a t i o n s  
Fac to r s  Related t o  Ml.neral Separa-tion in a Vacuum by F.  Praas  w a s  sub- 
m i t t e d  f o r  p u b l i c a t i o n  a s  a Bureau of Mines Report  o f  Inves t iga t ions .  
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STATUS REPORT FIRST QUARTER FISCAL YEAR 1970 
Bureau of Mines NASA Program of Mul t id i sc ip l ina ry  Research 
Task t i t l e :  
I n v e s t i g a t o r :  
Location: 
Date begun: 
Personnel:  
The ob jec t ive  
Surface p r o p e r t i e s  of rock i n  simulated luna r  environment 
Wallace W .  Roepke, P r o j e c t  Leader 
T w i n  C i t i e s  Mining Research Center 
Minneapolis,  Minnesota 
A p r i l  1966 To be completed: June 1971 
William H. Engelmann, Supervisory Research Chemist 
Wallace W. Roepke, P r inc ipa l  Vacuum S p e c i a l i s t  
Kel ly  6 .  S t r e b i g ,  Mining Engineer 
Robert E. Schmidt, Mining Engineer 
Kenneth G.  Pung, Physical  Science Technician 
James R. B l a i r ,  Phys ica l  Science Technician 
PROGRESS REPORT 
of t h i s  t a s k  i s  t o  s tudy the sur face  p r o p e r t i e s  of rocks 
and minera ls  i n  a simulated lunar  environment. The s tudy  inc ludes  f r i c -  
t i o n  of metal-mineral. p a i r s ,  d r i l l i n g  i n  rock ,  and shear  t e s t i n g  of par-  
t i c u l a t e  mineral  and rock ma te r i a l s .  
3Quarter  
This  t a s k  was rea l igned  a t  t he  s t a r t  of the new f i s c a l  year t o  inc lude  
th ree  major phases ( f r i c t i o n  s t u d i e s ,  d r i l l i n g  s t u d i e s ,  and p a r t i c u l a t e  
shear  s t u d i e s ) ,  one minor phase (vapor coa t ing  suppor t ) ,  and o v e r a l l  
schedul ing of experimental  work i n  u l t r a h i g h  vacuum (WV) f o r  a l l  of 
t he  b a s i c  NASA s t u d i e s .  Completion of t he  s tudy of chemical r e a c t i v i t y  
of f r e s h l y  formed su r faces ,  planned f o r  l a t e r  t h i s  f i s c a l  gea r ,  w i l l  a l -  
so  be repor ted  under t h i s  task .  
Del ivery of a radiometer ordered a t  the beginning of t he  qua r t e r  w a s  
delayed longer than  a n t i c i p a t e d  fo rc ing  th-fs t a s k  and t h e  t a s k  under 
Thermal Fragmentation t o  de lay  t e s t i n g  a f f ec t ed  by t h i s  equipment. A 
major de l ay  i n  d e l i v e r y  of another  UHV system f o r  t h i s  t a s k  w i l l  cause 
the  UHV f r i c t i o n  tes ts  t o  be recessed during the  second qua r t e r .  How- 
eve r ,  a n a l y s i s  of d a t a  obtained during t h e  f i r s t  qua r t e r  w i l l  cont inue.  
The r e c e s s  in t he  f r i c t i o n  t e s t i n g  w i l l  occur because the  p re sen t  UHV 
system w i l l  be requi red  f o r  t h e  UHV d r i l l i n g  s t u d i e s .  
UHV F r i c t i o n  S tudies  
The f r i c t i o n  s t u d i e s  on metal-mineral  p a i r s  have been acce le ra t ed  appre- 
c i a b l y  t h i s  q u a r t e r  through use of a new d a t a  record ing  and processing 
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system. Previous ly  the outputs  of the  load-ce l l  br idge and f r i c t i o n -  
fo rce  br idge  were recorded sepa ra t e ly  om. an osc i l l og raph  and the  k in-  
e t i c  c o e f f i c i e n t  of f r i c t i o n  was ca l cu la t ed  by d iv id ing  the  t a n g e n t i a l  
force  by the  normal Eorc,e a t  s u f f i c i e n t  p o i n t s  t o  o b t a i n  a good aver-  
age value.  T h ~ e  ou tputs  from these br idges  now go i n t o  ope ra t iona l  am- 
p l i f i e r s  and a d i v i d e r  c i r c u i t  t h a t  provide a recorder  wi th  a d i r e c t  
measurement of t he  c o e f f i c i e n t  of f r i c t i o n  a t  any i n s t a n t  during a 
t e s t .  The average k i n e t i c  c o e f f i c i e n t  of f r i c t i o n  f o r  a given t e s t  i s  
found by us ing  a planimeter  t o  measure the  a r e a  under t h e  recorded 
curve.  We have been g r e a t l y  a s s i s t e d  i n  the  anal .ysis  of the  da ta  by 
MI-. Ernes t  Bukofzer, who has done t h e  i n i t i a l  planimetry.  
The fol lowing materials have been tes ted i n  ambient atmospheric condi- 
t i o n s  t h i s  qua r t e r :  pyroxene, magnet i te ,  andesine,  white f e l d s p a r ,  
pink f e l d s p a r ,  Labrador i te ,  b a s a l t ,  d a c i t e ,  qua r t z  ( r e fe rence  sample), 
and pol ished s t a i n l e s s  s t e e l  ( re ference  sample). These m a t e r i a l s  have 
a l l  been t e s t e d  a t  50-, loo-, and 150-gram normal loads.  Basa l t ,  da- 
c i t e ,  and t h e  s t a i n l e s s  steel  re ference  samples have a l s o  been t e s t e d  
under d ry  atmospheric condi t ions  and UHV with and without  ‘Laser sur -  
face  c leaning .  Prel iminary r e s u l t s  i n d i c a t e  t h a t  the b a s a l t  w i l l .  have 
a c o e f f i c i e n t  of f r i c t i o n  g r e a t e r  than  0.4 i n  UHV before  sur face  c lean-  
ing ,  while  t h e  va lue  f o r  t he  d a c i t e  under the  same condi t ions  w i l l  l i e  
between 0.2 and 0.3. 
Surface examination with the  scanning e l e c t r o n  microscope (SEM) has 
been used f o r  some pre l iminary  i n v e s t i g a t i o n s  o f  l a s e r  damage on py- 
roxene and probe damage on b a s a l t  and quar tz .  I n i t i a l  d i . f f i c u l t y  i n  
observing a t r a c k  on qua r t z  occurred because of ope ra t iona l  unfamil i -  
a r i t y  wi th  the  SEM. A s  we become more f a m i l i a r  with the  instrument ,  
t h i s  problem should no t  occure  A t r a c k  on a sample of b a s a l t  t e s t e d  
with a 1.50-gram load In  a i r  has  been e a s i l y  observed. Analysis  of t h e  
probe t r a c k  wi th  t h e  SEM permits  de te rmina t ion  of the  apparent  a r ea  of 
contac t .  From t h e  apparent  a r ea  of con tac t  and t h e  f r i c t i o n  t e s t  re- 
s u l t s >  one can c a l c u l a t e  shear  s t r e n g t h ,  ploughing fo rce ,  y i e l d  pres -  
su re ,  and hardness .  
S tud ie s  
Prepara t ions  f o r  d r i l l i n g  Pn UHV have c.ontinued during t h i s  qua r t e r .  
The vacuum d r i l l  apparatus  has  been success fu l ly  t e s t e d  under atmos- 
pheric  cond i t ions .  A 1/2-inch diameter hole  w a s  bored t o  a depth of 
1 - 1 / 2  inches i n  d a c i t e  rock a t  a r a t e  of l / 2  inch per  minute. High- 
speed movies w e r e  made and continuous recordings of torque and t h r u s t  
( load)  were taken.  The apparatus  operated smoothly wi th  a minimum of 
v ib ra t ion .  The mechanical c u t t i n g s  removal system a l s o  performed s a t -  
i sf ac t o r  i l y  e 
P r i o r  t o  making t h e  t e s t s  i n  the  UHV chamber, some time has been spent  
improving the  d r i l l  apparatus  and r e f i n i n g  the  assoc ia ted  Fnstrumenta- 
t i on .  A more accura te  torque sensor  has  been ordered f o r  use with t h e  
system. The new sensor uses  an  o p t i c a l  pickup wi th  a b u i l t - i n  tachom- 
eter f o r  continuous record ing  of motor rpm. The e l imina t ion  of s l i p  
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r i n g s  w i l l  a l low a much b e t t e r  s igna l - to -no i se  r a t i o  f o r  t h e  recorded 
d a t a .  The sample holding a rea  of t he  d r i l l  r i g  has been modified t o  
accept  a t u r n t a b l e  type base f o r  the sample, This  w i l l  a l low remote 
r o t a t i o n  of t h e  sample between d r i l l  runs under UHV so t h a t  a maximum 
of f i v e  h o l e s  can be bored f o r  each evacuat ion of the  chamber. 
UHV P a r t i c u l a t e  Shear S tud ie s  
This  work i s  being performed i n  coopera t ion  with the  Spokane Mining Re- 
search Laboratory and r ep resen t s  t h a t  p o r t i o n  of t h e i r  work f o r  which 
they r e q u i r e  UHV f a c i l i t i e s .  The co inves t iga to r  ca r ry ing  on the  work 
a t  t he  Twin C i t i e s  Mining Research Center i s  M r .  Kel ly  S t r e b i g .  The 
work inc ludes  adap ta t ion  of t h e  vane shear  apparatus  designed a t  Spokane 
f o r  use i n  UHV, cons t ruc t ion  and c a l i b r a t i o n  of t he  modified appara tus ,  
and t e s t i n g  i n  UHV on b a s a l t  and d a c i t e  p a r t i c u l a t e  ma te r i a l s .  
The vane shear  tes ter  design has  been made compatible wi th  the  UHV sys- 
tem and has  been adapted t o  the d r i l l  s t e m  on the d r i l l  apparatus .  The 
d r i l l  appara tus  makes an i d e a l  r i g i d  t es t  p la t form f o r  t he  f i n e  p a r t i c l e  
work, Cons t ruc t ion  of t h e  shear  t e s t e r  has been completed and a s soc ia t ed  
ins t rumenta t ion  designed during t h i s  qua r t e r .  Bench t e s t i n g  of t h e  equip- 
ment w i l l  be done i n  the  next  q u a r t e r .  
SEM Vapor Coating and Other Technical  Support 
This  phase of the  work :i.ncl.udes support  t o  the SEM i n  vapor coa t ing  of 
samp1.e~ and technical .  support  t o  o the r  a r e a s  involv:i.ng UHV and r e l a t e d  
techniques.  Samples have been prepared f o r  SEM work a s  needed by d i f f e r -  
e n t  Center l a b o r a t o r i e s .  Assis tance was given on UHV problems i n  the  
work under the  Roqk Phyqics t a s k ,  and schedul ing of UHV equipment f o r  a l l  
of the  t a s k s  has been planned on a coordinated bas:is f o r  t h e  c u r r e n t  fis- 
c a l  year .  Consul ta t ion  on problems involving the  use  of mass spectrome- 
ters  was provided t o  t.he Twin C i t i e s  Metal lurgy Research Center. 
S t a t u s  of Manuscripts 
Mass Spectrometer S tudies  of Outgassing from Simulated Lunar Mate r i a l s  
i n  Ul t rah igh  Vacuum by W .  W .  Roepke and C .  W .  Schul tz  i s  being r ev i sed  
f o r  p u b l t c a t i o n  i n  the  Journa l  of the  American Vacuum Socie ty .  
F r i c t i o n  Tests i n  Simulated Lunar Vacuum by W .  W. Roepke was submitted 
t o  NASA f o r  pub l i ca t ion  i n  t h e  Proceedings of t he  Seventh Annual Meeting 
of t he  Working Group on E x t r a t e r r e s t r i a l  Resources. 
Developing a Lunar D r i l l :  A 1969 S t a t u s  Report  by R. L .  Schmidt was 
submitted t o  NASA f o r  p u b l i c a t i o n  i n  the  Proceedings of t he  Seventh An- 
nua l  Meeting of the Working Group on E x t r a t e r r e s t r i a l  Resources. 
IR-Visible  Window Composite f o r  UHV by W. W .  Roepke was submitted f o r  
p u b l i c a t i o n  i n  the Review of S c i e n t i f i c  Instruments .  
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STATUS REPORT FIRST QUARTER FISCAL YEAR 1970 
Bureau of Mines NASA Program of Multidisciplinary Research 
Task title: 
Investigator: 
Location: 
Date begun: 
Personnel: 
The objective 
Rock failure processes and strength and elastic 
properties in simulated lunar environment 
Peter G. Chamberlain, Project Leader 
Twin C:Itie.s Min.ing Research Center 
Minneapolis Minnesota 
June 1966 To be completed: June 1971 
Egons R. Podnieks, Supervisory Mechanical Engineer 
Robert J. Willard, Geologist 
Thomas R. Bur, Geophysicist 
Richard E. Thlll, Geophysicist 
Peter G. Chamberlain, Geophysicist 
Laxman S. Sunda, Mining Engineer 
Rollie C .  Rosenquist, Engineering Technician 
PROGRESS RE PORT 
Obie c t ive 
of this project is to study the effect of simulated lunar 
environment on rock deformation and failure processes at the macrostruc- 
tural and the microstructural level by means of petrographic and scan- 
ning electron microscopy. Rock strength and elastic properties of simu- 
lated lunar rocks will be determined in ultrahigh vacuum at temperatures 
over the lunar surface temperature range. 
Progress During the First Quarter 
;
Compression tests on tuff specimens in ultrahigh vacuum (high torr 
to low lo-’ torr range) were completed. 
recorded for each test in accordance with procedures established during 
preliminary tests described in previous progress reports. 
Pressure and degassing data were 
Several tests were performed on tuff at atmospheric pressure t o  establish 
a comparative baseline for compression properties obtained in ultrahigh 
vacuum. Tests were conducted on specimens in dry nitrogen environment 
without prior exposure to vacuum, and on specimens evacuated identically 
to those tested in ultrahigh vacuum and then flooded with dry nitrogen 
for the test. 
Pulse velocity and attenuation symmetry patterns determined for the suite 
of simulated Lunar rocks last fiscal year have been analyzed in more detail 
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( t a b l e  1). The a t t e n u a t i o n  symmetry was the  same a s  the e l a s t i c  sym- 
metry (determined from the  v e l o c i t y  p a t t e r n )  f o r  most of the  rocks,  
dun i t e  and t u f f  being except ions.  The d i f f e r e n c e  i n  the  e l a s t i c  and 
a t t e n u a t i o n  symmetry of t hese  two rocks i n d i c a t e s  t h a t  the major con- 
t r o l l i n g  subfab r i c  of one proper ty  possesses  a symmetry system i n  the  
case of t he  d u n i t e ,  o r  an o r i e n t a t i o n  i n  the case  of t he  t u f f ,  d i f f e r -  
ing from t h a t  of the  major c o n t r o l l i n g  subfab r i c  of t he  o the r  proper ty .  
This  d i f f e r e n c e  w i l l  be of importance during f u t u r e  a t tempts  t o  co r re -  
l a t e  e i t h e r  e l a s t i c  o r  a t t e n u a t i o n  v a r i a t i o n s  wi th  v a r i a t i o n s  i n  o t h e r  
p r o p e r t i e s  such as t e n s i l e  o r  compressive s t r eng th .  
TABLE I. - 
of simulated lunar  rock 
Pumice 
Ve s i c u l a r  b a s a l t  113 
Rhyol i te  
Serpent  i n i t e  
Dac i t e  
Semiwelded t u f f  
Dunite 
Al te red  r h y o l i t e  
Granodior i te  
V e  s i c u  1 a r  b as a 1 t #I 
Duluth gabbro 
Ob s i d  i a n  
T h o l e i i t i c  b a s a l t  
Ve s i cu La r bas  a 1 t # 2 
E l s  
s y s t.eml 
0 
0 
0 
0 
0 
0 
T I  
0 
0 
0 
0 
T I  
I 
H 
t i c i t y  
h i s  o t r op 
(percent  1 
108 
43 
36 
27 
27 
25 
15 
13 
10 
6.7 
3.3 
.7  
0 - 
A t t e  
System1 
0 o r  T I  
0 
0 
0 
0 
0 
0 
0 o r  M 
0 
0 
0 
(3 ) 
(3 1 - 
Ja t ion  
inisotropya 
155 
155 
100 
185 
85 
100 
65 
100 
65 
65 
35 
(3 1 
(3 ) 
'H = heterogeneous,  I = i s o t r o p i c ,  M = monoclinic., 0 = ortho-  
'Calculated from 2(Vmax - Vmin)/(Vmax + Vmin) f o r  e l a s t i c i t y  rhombic, T I  = t r ansve r se ly  i s o t r o p i c .  
and a s imi l a r  equat ion f o r  a t t enua t ion .  
3Resolut ion was no t  good enough t o  o b t a i n  these  values .  
Rock f a b r i c  i s  being compared wi th  pu l se  v e l o c i t y  symmetry p a t t e r n s  
prev ious ly  obtained from spheres  of t he  simulated lunar  rocks.  A 
s l a b  has been c u t  from each of the  spheres  along the  high-low v e l o c i t y  
plane e s t a b l i s h e d  from the  pulse  v e l o c i t y  measurements. S i x  of  t hese  
s l a b s  have been ground i n t o  t h i n  sec t ions .  Prel iminary a n a l y s i s  of 
these  s e c t i o n s  r e v e a l s  t h a t  f o r  each rock the re  e x i s t s  a f a b r i c  a n i s o t -  
ropy which corresponds wi th  the  high and Low v e l o c i t y  d i r e c t i o n s .  
two of t h e  rocks ,  pumice and v e s i c u l a r  b a s a l t ,  t h e  degree of t he  f a b r i c  
an iso t ropy  i s  approximately propor t iona l  t o  the v e l o c i t y  an iso t ropy .  
In 
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Resu l t s  of an e a r l i e r  study of the  pumice were fncluded i n  a paper 
t i t l e d  "Cor re l a t ion  of Longi tudinal  Veloci ty  Var i a t ion  with Rock Fab- 
r i c "  by R.  E .  T h i l l ,  R.  J. Wil la rd ,  and T .  R. Bur, published i n  t h e  
September 15 i s s u e  of t h e  Journa l  of Geophysical Research (v. 74, 
No. 20,  pp. 4897-4909). Fabr ic  d a t a  from the  s tudy of t he  e f f e c t  of 
moisture  on f r a c t u r e  morphology i n  d a c i t e  were reexamined and a d r a f t  
of a r e p o r t  on the  r e s u l t s  i s  about. 50 percent  completed. 
General  
Beginning wi th  t h i s  f i s c a l  year  M r .  Pe t e r  G.  Chamberlain has assumed 
the d u t i e s  of p r i n c i p a l  i n v e s t i g a t o r  f o r  t h i s  r e sea rch  task .  
S t a t u s  of Manuscripts 
Environmental E f f e c t s  on Rock P rope r t i e s  by E .  R. Podnieks, P. G. 
Chamberlain, and R.  E .  T h i l l  has been submitted f o r  pub l i ca t ion  i n  the  
Proceedings of the Tenth Symposium on Rock Mechanics he ld  a t  t he  Uni- 
v e r s i t y  of Texas i n  May 1968. 
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STATUS REPORT FIRST QUARTER FISCAL YEAR 1970 
Bureau of Mines NASA Program of M u l t i d i s c i p l i n a r y  Research 
Task t i t l e :  
I n v e s t i g a t o r :  
Locat i on  
Date begun: 
P e r  sonne 1 : 
The ob j ec t ive  
Thermal f ragmentat ion and thermophysical and o p t i c a l  
p r o p e r t i e s  i n  simulated lunar  environment 
David P. Lindroth,  P r o j e c t  Leader 
Twin Ci t ies  Mining Research Center 
Minneapolis,  Minnesota 
J u l y  1969 To be completed: June 1971 
Joseph M. Yugliese,  Supervisory Geophysicis t  
David P. Lindroth,  P h y s i c i s t  
Walter G .  Krawza, Engineering Technician 
PROGRESS REPORT 
Object ive 
of t h i s  work i s  t o  s tudy  t h e  problems of thermal fragmen- - 
t a t i o n  i n  lunar  environment. Through t h e  use  of nondes t ruc t ive  t e s t i n g  
and remote sensing technology, the thermophysical p r o p e r t i e s  of simu- 
l a t e d  luna r  rocks a r e  t o  be determined as a func t ion  of temperature and 
pressure  over t he  lunar  enviropment range. Also,  the o p t i c a l  p r o p e r t i e s  
of absorptance,  r e f l e c t a n c e ,  t ransmi t tance ,  and the  absorp t ion  c o e f f i -  
c i e n t  are  t o  be determined a s  a func t ion  of wavelength and temperature.  
:t Quarter 
The f i r s t  phase of t h i s  t a s k  i s  devoted t o  t h e  use  of nondes t ruc t ive  
t e s t i n g  and remote sensing technology f o r  t h e  determinat ion of m a t e r i a l  
p r o p e r t i e s .  With t h e  advent of l a s e r  techn.ology a l a r g e  po r t ion  of t he  
e lec t romagnet ic  spectrum i s  a v a i l a b l e .  Since t h i s  opens the  door t o  a 
broad spectrum of energy sources ,  a de te rmina t ion  of o p t i c a l  p r o p e r t i e s  
(emphasis on absorpt.ance and absorp t ion  c o e f f i c i e n t )  a s  a func t ion  of 
wavelength and temperature i s  a l o g i c a l  s t a r t i n g  poin t .  This  work i s  
being i n i t i a t e d  by a l i t e r a t u r e  search  on o p t i c a l  p r o p e r t i e s .  The de- 
te rmina t ion  of t he  o p t i c a l  p r o p e r t i e s  w i l l  permi t  the  s e l e c t i o n  of op- 
t imal  energy sources  f o r  fragmenting rocks by electromagnet ic  r a d i a t i o n .  
The o p t i c a l  p roper ty  information then,  w i l l  l ead  t o  f ragmentat ion s tud-  
i e s  i n  vacuo dur ing  f i s c a l  year  1961. 
The l i t e r a t u r e  search  w i l l  a l s o  s i g n i f i c a n t l y  complement the  work wi th  
the  f l a s h  method being developed f o r  t h e  measurement of thermophysical 
p r o p e r t i e s ,  because knowledge of t he  o p t i c a l  p r o p e r t i e s  of the rock ma-  
t e r i a l  w i l l  e l imina te  the  need f o r  s p e c i a l  su r f ace  prepara t ion  such as 
b lack  coa t ings  thus  improving the p r e c i s i o n  of the measurements. Knowl- 
edge of the  o p t i c a l  p rope r t i e s  can  lead eventua l ly  t o  jm s i t u  determfna- 
t i o n  of t h e  thermophysical p r o p e r t i e s .  
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The proper ty  measurement tee.hniques developed under t h i s  p r o j e c t  w i l l  
be capable  of being adapted t.o o ther  simulated environments. A small  
p o r t i o n  of time (approximately 15 percent )  w i l l  be devoted t o  o ther  
a r e a s ,  such a s  f r o t h i n g  o r  c a s t i n g  b a s a l t ,  l a s e r  d r i l l i n g  o r  cor ing  
techniques,  and i n t e r f e r o m e t r i c  holography. 
During t h e  f i r s t  q u a r t e r  a l i t e r a t u r e  search was conducted t o  ob ta in  
d a t a  on t h e  absorptance,  absorp t ion  c o e f f i c i e n t ,  t ransmi t tance ,  and 
r e f l e c t a n c e  a s  a func t ion  of wavelength and temperature f o r  as many 
rock types as poss ib le .  The ma jo r i ty  of the  da t a  found t o  da t e  cov- 
ers  the  wavelength range from 1 t o  30 micrometers. Data on t h e  v a r i -  
a t i o n  of absorptance a s  a func t ion  of temperature a r e  scarce .  Most 
of t he  va lues  a r e  f o r  minera ls  and have been ca l cu la t ed  from r e f l e c -  
tance s p e c t r a  obtained a t  ambient temperature.  
I n i t i a l  des ign  work has  been completed on a multispecimen sample holder  
t o  be used f o r  thermal proper ty  measurements in. t h e  u l t r a h i g h  vacuum 
chamber. Planned radiometer work has  been. delayed because our i n f r a r e d  
radiometer  d id  n o t  a r r i v e  u n t i l  t h e  middle of September 
Dr. Tkirumalai and M r .  Demou continued wi th  the remaining experimental  
work from t h e  previous f e a s i b i l i t y  t a sk .  The f i n a l  runs i n  a s e r i e s  
of tes ts  us ing  l a s e r  impingement of a known energy d e n s i t y  on d i s k  
specimens of b a s a l t ,  g r a n o d i o r i t e ,  obs id ian ,  and q u a r t z i t e  i n  vacuum 
t o r r )  and atmosphere were completed. Three samples of each rock 
type i n  each environment were used. Approximate melt ing temperatures  
were noted by use of an o p t i c a l  pyrometer. Samples of b a s a l t  were c u t  
t o  provide a c r o s s  s e c t i o n  of t he  damaged a r e a  and photomicrographs 
were obtained wi th  the  scanning e l e c t r o n  microscope i n  cooperat ion wi th  
R. J. Wil lard .  The micrographs show t h a t  t he  vacuum specimens incur red  
a g r e a t e r  depth of damage than  the  atmospheric specimens f o r  t he  same 
thermal energy input  a 
Surface l a y e r  thermal expansion s t u d i e s  of q u a r t z i t e ,  g ranod io r i t e ,  and 
obs id ian  from room temperature up to 315' C us ing  high temperature 
s t r a i n  gages cemented wi th  a spray of molten alumina (Rokkde process)  
were n e a r l y  completed. A to t .a l  of 16 specimens were subjected to two 
success ive  cyc le s  between room temperature and 31.5" C t o  determine the  
su r face  l a y e r  expansion and h y s t e r e s i s  e f f e c t s  i n  atmosphere and vacuum. 
The r e s u l t s  a r e  being analyzed. 
S t a t u s  of Manuscripts 
D i e l e c t r i c  Constants and Di s s ipa t ion  Fac tors  f o r  Fourteen Rock Types 
Between 20 and 100 Megahertz by R e  E .  G r i f f i n  i s  under p repa ra t ion  a s  
a j o u r n a l  a r t i c l e .  
Thermal Expansion Measurements of Simulated Lunar Rocks by R. E .  G r i f f i n  
and S. G.  Demou i s  under p repa ra t ion  a s  a j ou rna l  a r t i c l e .  
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Task. t i t l e  : 
Inves t iga to r :  
Location: 
Date begun: 
Personnel:  
The ob jec t ive  
of the  use  o f  
Use of e.xplosives on the  Moon 
Richard W .  Watson, P r o j e c t  Coordinator ,  Explosives  Research 
Sa fe ty  Research Center 
P i t t sbu rgh ,  Pennsylvania 
J u l y  1966 To be completed: June 1971 
Richard W .  Watson, Research Phys ic i s t  
Charles  R. Summers, Research P h y s i c i s t  
John J. Mahoney, Laboratory Technician 
Elva M. Guastimi, Explosives  Equipment Operator 
PROGRE S S RE PORT 
i s  t o  deve1.0~ fundamental knowledge r e l a t i n g  t o  the  hazards  
chemical explos ives  i n  the  lunar  environment, i n  p a r t i c u l a r ,  
an environment cha rac t e r i zed  by high vacuum, extreme temperature cyc l ing ,  
and a f l u x  of small hyperve loc i ty  p a r t i c l e s .  
During t h i s  f i s c a l  year  e f f o r t  w i l l  be concentrated on experimental. s tudy 
of t he  expansion of explosive de tona t ion  products  i n  a vacuum. Small- 
s c a l e  exper:iments w i l l  cont inue us ing  techniques devel.oped l a s t  yeas  wi. t .& 
expendable g l a s s  chambers a t  p ressures  a s  low a s  t o r r .  I n s t a l l a t i o n  
of a l a rge - sca l e  f a c i l i t y  capable of opera t ing  a t  IOm4 t o r r  o r  l e s s  w i l l  
be complet.ed. 
T h i s  t a s k  was l a r g e l y  : inact ive dur ing  t h e  f i r s t  qua r t e r  because o f  reor= 
gan iza t ion  and redef i ,n i t , ion  of the  BureauP s researc,h a t ,  Yi t tsburgh.  The 
Explosives  Research Center was combined w:ith major elements o f  t he  Health 
and S a f e t y  Research and Test ing Center t o  form the  P i t t sbu rgh  Sa fe ty  Re- 
search Center .  D r .  Robert W. Van Dolah who had headed the  Explosives  Re- 
search Center  :is Research Di rec to r  of the new Center.  Richard W. Watson 
i s  now t,he p r i n c i p a l  i n v e s t i g a t o r  f o r  t h i s  research  t a sk .  Some progress  
was made i n  developing the  high vacuum f a c i l i t y  f o r  l a rge - sca l e  s t u d i e s .  
S t a t u s  of Manuscripts 
None scheduled f o r  the  f i r s t  q u a r t e r .  
STATUS REPORT FIRST QUARTER FISCAL YEAR 1970 
Bureau of Mines NASA Program of Mu1, t idiscipl inary Research 
Task t i t l e :  E f f e c t  of l una r  environment on behavior of f i n e  p a r t i c l e s  
I n v e s t i g a t o r :  David E .  Nicholson, P r o j e c t  Leader 
Location: Spokane Mining Research Laboratory 
Spokane, Washington 
Date begun: A p r i l  1966 To be completed: June 1971 
Personnel : David E. Nicholson, Mining Engineer 
W i l l i a m  G.  Pa r i seau ,  C i v i l  Engineer 
Kel ly  C .  S t r e b i g ,  Mining Engineer (Twin C i t i e s )  
Robert W .  Carnes,  Engineering Technician 
PROGRESS REPORT 
Object ive 
The o b j e c t i v e  i s  t o  determine t h e  f r i c t i o n a l  and cohesive p r o p e r t i e s  of 
s imulated lunar  rock powders which may inf luence  the  handl ing and t r a n s -  
p o r t a t i o n  of f i n e  p a r t i c l e  m a t e r i a l s  i n  the  luna r  environment. 
A t o r s i o n a l  vane shear  appara tus  was b u i l t  a t  Spokane f o r  pre l iminary  
shear  t e s t s  on simulated luna r  powder, under normal dry  atmosphere con- 
d i t i o n s .  These t es t s  a r e  planned t o  precede s i m i l a r  t e s t s ,  conducted 
wi th  t h e  same type of t o r s i o n a l  device ,  i n  the  Twin C i t i e s  u l t r a h i g h  
vacuum chamber during the  t h i r d  qua r t e r .  The vane d r i v e  mechanism t o  be 
used wi th  the  apparatus  has  n o t  been de l ive red  from the manufacturer ,  so 
t h a t  t h e  c a l i b r a t i o n  of t h e  torque head and r o t a t i o n  displacement meas- 
urement have not  been completed. 
Planned cons t ruc t ion  of a s p e c i a l  type of d i r e c t - s h e a r  device  has  been 
de fe r r ed  because of d i f f i c u l t i e s  i n  convert ing commercial types of d i r e c t -  
shear  devices  t o  low normal and shear  loads ,  r e p r e s e n t a t i v e  of one-s ix th  
lunar  g r a v i t y .  
Continued background l i t e r a t u r e  s tudy  of s p e c i a l  adap ta t ions  of Mohr- 
Coulomb theory  has provided a d d i t i o n a l  support  f o r  the  t rea tment  of s o i l  
shear  under preconsol ida t ion  loads i n  the manner proposed i n  our  f i s c a l  
year  1969 annual r e p o r t .  S i m i l a r  previous work i s  w e l l  documented by 
Tschebotar iof f  i n  "Soi l  Mechanics, Foundation and Ear th  S t ruc tu res , "  
McGraw-Hi11 Book Co., 1951, pp. 154-156. The Krey-Tiedemann c r i t e r i o n  
f o r  s o i l  f a i l u r e  t r e a t s  the  cohesion of the  s o i l  a s  a func t ion  of con- 
s o l i d a t i o n  load. I n  most cases  the  consol ida t ion  load i s  appl ied  nor- 
mally.  
A r eques t  f o r  the  prepara t ion  of a l a rge  sample of simulated lunar  s o i l  
us ing  L i t t l e  Lake b a s a l t  i n  our  crushing and s i z i n g  c i r c u i t  was received 
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from the Geological Survey in Flagstaff, Ariz. A cost estimate f o r  
preparation of the material to simulate the Apollo 11 core samples has 
been prepared and submitted to the Survey. 
Status of Manuscripts 
None scheduled for this quarter. 
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Date begun: June 1966 To be completed: May 1970 
Reno Metal lurgy Research Center 
Reno, Nevada 
Personnel:  Donald G.  Kesterke,  M e t a l l u r g i s t  
Freddy B.  Holloway, Phys ica l  Science Technician 
PROGRES S RE PORT 
Ob .-i e c t i v e  
The o b j e c t i v e  i s  t o  determine the  f e a s i b i l i t y  of ob ta in ing  elemental  
oxygen by e l e c t r o l y s i s  of s i l i c a t e - b e a r i n g  m a t e r i a l s ,  as one phase of 
m u l t i d i s c i p l i n a r y  research  e f f o r t s  t o  develop bas i c  knowledge f o r  us ing  
lunar  resources  i n  support  of space missions.  
Progress  During the  F i r s t  Quarter 
Objec t ives  f o r  t h e  year  are t o  cont inue s t u d i e s  t o  develop an e f f i c i e n t  
procedure f o r  e lectrowinning f r e e  oxygen from s i l i c a t e - b e a r i n g  mater i -  
a l s .  Evalua t ion  of var ious  e l e c t r o l y t e  compositions w i l l  cont inue i n  
e f f o r t s  t o  reduce the  amount of f l u x i n g  m a t e r i a l s  requi red  f o r  low- 
mel t ing ,  e l e c t r i c a l l y  conductive ba ths .  
S tud ie s  w i l l  be i n i t i a t e d  t o  determine the  phys ica l  c h a r a c t e r i s t i c s  of 
ba ths  conta in ing  s i l i c a t e s  having t h e  approximate composition of lunar  
su r face  m a t e r i a l s  obtained during the  Apollo program. Modif ica t ion  i n  
c e l l  des ign  w i l l  be made t o  i s o l a t e  the  anode from the  cathode depos i t  
by means of a boron n i t r i d e  b a r r i e r .  Operating c h a r a c t e r i s t i c s  of t h i s  
c e l l  w i l l  be s tud ied  i n  experiments of extended dura t ion .  
Methods w i l l  be evaluated f o r  c o l l e c t i n g  the  gases  evolved a t  the  anode. 
Th i s  w i l l  permit q u a n t i t a t i v e  de te rmina t ion  of the  amount of oxygen pro- 
duced, from which the c e l l  e f f i c i e n c y  w i l l  be ca l cu la t ed .  Recommenda- 
t i o n s  regard ing  con t inua t ion  o r  r e o r i e n t a t i o n  of the  r e sea rch  e f f o r t  
w i l l  be made based on the  d a t a  obtained.  
The work dur ing  t h i s  qua r t e r  was aimed a t  determining the  r e l a t i v e  
phys ica l  c h a r a c t e r i s t i c s  of s e l ec t ed  s i l i c a t e - f l u o r i d e  mixtures  i n  e f -  
f o r t s  t o  f i n d  a workable e l e c t r o l y t e  which con ta ins  a lower percentage 
of f l u x i n g  m a t e r i a l s  than  was requi red  i n  previously used ba ths .  Stud- 
i e s  were made of t h e  r e l a t i v e  e l e c t r i c a l  conduct iv i ty  of t hese  mixtures 
a t  va r ious  temperatures.  The LiF conten t  of each mixture  was 25 weight- 
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percent, while the BaF, content ranged from 0 to 35 weight-percent, and 
the silicate content ranged from 75 to 4 0  weight-percent. Results of 
these experiments are presented in the following table in which the 
relative electrical conductivity is expressed as the amperage-to-voltage 
ratio, 
Bath composition Ampera 
75 
70 
6 5  
6 0  
55 
50 
45 
4 0  
0 
5 
10 
1 5  
20 
25 
30 
35 
25 
25 
25 
25 
25 
25 
25 
25 - 
0.8 
1 . 2  
1 . 2  
1 .5 
1 . 9  
1.9 
1 . 9  
1 .6  
e-to-voltage ratio 
1.2  
2 .1  
2 . 4  
2 .6  
3 .2  
3.3 
3 . 0  
3.7 
2 .2  
2.6 
3 . 3  
3.7 
3.7 
3.6 
3.6 
4 . 2  
These results show that the conductivity decreased significantly as the 
silicate content of the melts was increased above 6 0  weight-percent. In 
subsequent experiments, electrolysis will be conducted in the mixtures 
containing from 4 0  to 60 weight-percent silicate to determine which 
electrolyte provides the best cell performance with regard to oxygen 
production. 
Status of Manuscripts 
Electrowinning of Oxygen from Silicate Rocks by Donald G. Kesterke was 
submitted to NASA for publication in the Proceedings of the Seventh An- 
nual Meeting of the Working Group on Extraterrestrial Resources. 
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